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BASE CERAMALS CONTAINING NICKEL OR IRON

By A. L. Cooper and L. BE. Colteryahn

SUMMARY

Titanium carblde base cersmals contalning nickel or lron were inves-
tigated for elevated-temperature properties. The propertles studied were
oxldation, modulus of rupture, tensile strength, end thermsl-shock
resistance. In additlon to the elevated temperature properties the
metallographic structure was studied.

In oxidation, unalloyed titanivm carbide and the nickel and iron
ceramals were found to follow genersal oxide growth laws. These materials
exhiblted two stages of oxidstion, the second approximeting the parsbolilc
growth law. Although nickel ceramals exhibited better oxildation proper-
ties than the iron ceramals, the addition of elther metal to titanium
carbide in general decressed the oxidation resistance; however, the oxide
adherence and crack resistance of both ceramals at 1800° F and of nickel
ceramals at 2000° F were greater.

Tensile teste conducted at 2000° F showed the followlng strengths
in pounds per squasre inch: 13.3-welght-percent nickel ceramal, 16,150;
11.8~weight—percent iron ceramsl, 12,500; highest value obtained for
unalloyed titanium. carbide, 16,450. Greater additions of either nickel
or lron decreased the tensile strength.

Nickel or iron additions to titanium carbide greatly increased the
‘thermsal-shock resistance, nickel was found to be the more effective
additive.

Microscopic study of ceramal tenslle and thermal—shock fractures
revealed that the path of fracture progresses approximately 50 percent
intergranularly and 50 percent transgranularly.

TNTRODUCTION
Since the advent of the aviation gas-turbine engine, the superalloys

have been utillzed in engine components subjected to the hot combustion
gases. The deslire to ralse the operating tempersture of the engine beyond
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those attainable wlth the superalloys has created new materlal problems
These problems are at present being attacked by varlous widely different
approaches. One approach is to cool _the superalloys 1n such a manner
that they may be exposed to the higher temperatures (reference 1);
another is to search for a more refractory material to replace the super-
alloys. Co e

Ceramic and ceramsl (ceramic plus metal) materials have been inves-
tigated because of thelr refractory nature and because they are less
gtrategic than superalloys. Studies of the use of cobalt, tungsten, and
molybdenum as addition metals in titanium carbilde base ceramals have
shown promising properties for the cdbalt—bonded bodles (references 2
and 3).

An lnvestigation has bBeen conducted at the NACA Lewis laboratory to
determine. the effect of additions of the less strateglc metals, nickel
or lron, on the properties of titanium carblde. The effects of the
nickel and iron additions on microstructure and density, oxidation
resistance, modulus of rupture, tensile strength, and thermsl-shock
resistance of titanium carblde were 1nvestigated. Bodles produced by
the cold-press and the hot-press techniques were studied. The frecture
paths through bodles tested in tension and thermal shock were studled
metgllographlcally in an effort to determine whether the carblde or the
metal phase was controlling properties.

MATERIAL AND SPECIMEN HISTORY®

The specimens evaluated 1n this investigation were commerclally
fabricated. Cold-pressed bodles were prepared with titanium carbide,
containing 19.20 weight percent combined carbon, and hydrogen-reduced .
nickel or iron. HoL-pressed bodles were prepared with titanlum carbide,
containing 19.2 to 20 weight percent combined carbon, 0.25 to 0.85 free
carbon, 0.05 silicon, and 0.04 iron, and wilth carbonyl-process nickel
or iron. Proportionate amounts of these -325 mesh powders were milled
together to yleld specimens of the followlng nominal weight-percent
compositions: 15, 20, 25, and 30 nickel; 10, 20, and 30 iron. The cold
pressed bodies were compacted at 50,000 to 60,000 pounds per square lach
at room temperature and vacuum-sintered at 2700° to 2800° F; the hot-

pressed bodies were compacted at 2000 pounds per sgusare inch at 29000 to )

2970° F in graphite molds, - S L
Chemical anslyses of representative samples of the bodies are shown
in table I. Because of the discrepancy between the nominael and the
actual metal analyses, the average metal content based on the chemical
analyses will be used throughout the text. The iron and tungsten
contamination in the bodles probably occurred during the milling.

ahom.
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After the specimens were received from the fabricators, they were
inspected for surface and internal flaws by fluorescent oil and radio-
graphic methods, respectively. The inspection results showed sll bodies
to be sufficiently sound to warrant evalustion.

APPARATUS AND PROCEDURE
Metallographic Examination

Metallographic specimens were obtalned by cutting a small semple
from the test specimen. TIn order to minimize fragmentation of the
tensile fracture plane by the dlamond sbrasive cut-off disc, nlckel was
plated onto the fractured surfaces prior to cutting the specimens axially.
All specimens were then prepared by the usual metallographic polishing
procedures for hard materisls and examined at sarious magnificatlons.
Muraksmi's reagent for the etching of carbides was used to reveal the
microstructure.

Density Evaluation

The densities of samples taken from the ends of both tensile and
modulus-of-rupture specimens prior to testing were determined by the
method of differential welghing in alr and in water. The error in these
determinations was estimated to be less than +0.01 gram per miliiliter.

Oxldation Evaluation

Oxidation specimens were prepared by sectioning rectangulsr prisms
approximetely 5/16 by 5/16 by 1/2 inch from the ends of the cold-pressed
tenslile specimens.

A specimen was welghed, placed upon & fire-clay brick, and heated
in a conventional-type Globar muffle furnaece at 1800°, 2000°, or 2200° F
in a stagnant air stmosphere for times up to 150 hours. At definite .
intervals, the specimen was removed from the furnace, air-cooled,
reweighed, and returned to the furnace for further oxidation. All
handling operstions were performed very carefully both to preserve the
oxide as a continuous costing, if possible, and to conserve the oxide
flakes 1f the coating spalled during cooling. The oxidation data were
then calculated in terms of weight change per unit area (mgs/sq cm).

Modulus-of-Rupture Evaluation

Rectanguler modulus-of-rupture specimens approximately 1/4 by 1/2
by 4 inches were prepared by finish-grinding rough bars fabricated by
both the cold-press and hot-press techniques.
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Evaluations were conducted at 1800°, 2000°, 2200°, and 2400° F
410 F with the general apparatus and procedure of reference 2. The
test-consisted of siupporting the gpecimen upon two silicon carbide
knife edges spaced 3.5 inches apart and loading at the center through a
third opposing knife edge. Oxidation of the specimens during test was
minimized by placing the specimen and knife edges in a closed protective _.
atmosphere chamber. mounted within the furnace. An argon flow of 40 cubic
feet per hour was used during the tests. Aftor the spscimen was placed
in the atmosphere chamher, 10 minutes was sllowed for the specimen to
heat to the evaluation temperature prior to loading. A nominal loaeding . .
rate of 2000 pounds per square inch per minute in .the extreme outer fiber
at the specimen midpolnt was used. The specimen temperature was measured
by the use of & platinum - platinum -~ 13-percent-rhodium thermocouple.
The rupture-strength calculations were based on the original dimensions,
because oxldation did not appreciably affect the dimensions.

Tensile Evaluation

Elevated-temperature tensile-strength evaluastlions were conducted
using a conlical-end specimen and the general procedure of reference 4.

The specimens were prepared by the cold-press technigue and were .
finish-ground. to a 0.5-inch diameter with & 1.25-1nch gage length. The
apparatus consisted of a universal hydraulic tensile machine (0.50 per-
cent mexlimum machine error) fitted with an automatic-temperature- controlled
commercisl Globar tube furnace. The furnace was modified in order to
maintain a hellum atmosphere at & slight positive pressure within the
furnace tube. Specimen temperature was measured with a platinum -
platinum - 13-percent-rhoaium thermocouple located at the center of the

gage length.

. Bendlng stresses in the specimen were minimized by room-tempersture
alinement of the speclmen and the linkage. Measurements of misallinement
were made with wire straln gages mounted on the specimen at Y0° radisl
positions at the center of the gage length and at nominal loads of 500 . -
and 3000 pounds per square inch. Specimen alinement was considered
satisfactory when the bending stresses were less than 20 percent of the
average tensile stress.

After alinement, the specimens were raised to the test temperature
and soaked for 1/2 hour at & nominal load of 500 pounds per square lnch.
All were evaluated at 2000° +12° F and at a nominel loading rate of )
2000 pounds per squsre lnch per minute. Since oxidation was not appreci-
able, the strengths were computed with the original areas.
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Therma]l -Shock Evaluation z=

,Thergal sheck tests weLe mide w%th tke appd%atus and proézdure Jf
reference 4. The quenching chearber was modified to provide increased
air veloclty over the specimen by decreasing the inside diameter from 6
to 3 inches through a suitably designed venturi section.

Thermal—shock specimens, Z2-1lnch dlameter disks 1/4 inch thick, were
prepared by the cold-press technique. The test consisted of placing the
specimen in a furnace at evaluatlion temperature for 10 minutes, then
quenching in an air stream to 70° to 80° F. The specimen was transferred
from the furnace to the quenching chamber by the use of a spring-loaded
holder (fig. l) Progressive testing was carried out at 1800°, 20000,
2200°, and 2400° +20° F; at each temperature the specimen was quenched
25 times for a cumlative total of 100 cycles or to failure, whichever
occurred first. Quenching air was supplied to the specimen at a velocity
of a@proximately 265 feet per second and a flow of 50 12 pounds per minute
at 70° to 80° F. One specimen of each composition that survived these
conditions was quenched an additional 25 cycles from 2400° F in 160 13
pounds of alr per minute at an approximate velocity of 495 feet per
gecond. Upon satisfactory completion of the progressive thermal-shock
tests-at 50 pounds per minute, and also at 160 pounds of air per minute,
the specimens were inspected radilographically to determine whether
internal fsilure had occurred.

RESULTS AND DISCUSSION
Materials Structure

The microstructures of titsnium carbide base ceramals containing
nickel and iron additions in the as-received condition are shown in
figures 2 to 5. 1In all the cold-pressed and hot-pressed nickel and
iron bodies it appears thetf some bonds exist between the carblide gralns;
however, the area of the bond and the number of bonds decrease as the
metal content increases.

A comparison of flgure 2 with 3 and figure 4 with 5 shows that the
carblde grain slze afteér. slntering weas much larger in the bodies pre- >
pered by the hot— ress mﬁghod tha in the_bodies Prepared by the cold— - ( -/f’
pressg method. is diwzgrence could reasgnably be ected sidce t b
sintéring t erature

highég ih the hét-préss method, even thdugh che ©
tire gt tempsfature wds mich shorter. )

The degree of porosity (fig.'z to 5) in the nickel bodles wes
observed to be approximately the same for the cold-pressed and hot-
pressed bodies; however, in the ilron bodies.the hot-pressed compositlons
exhibited the greatest porosity. A comparison of the measured densities
in table IT with the calculated densities conflrms this observation.
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In figures 2 to 5 the cerbilde grains in both the nickel and iron
bonded bodies show what appears to be & "cored" .structure withln the
grain as evidenced by the differentisl etching characteristics across
the grain. Since the cold-pressed and hot-pressed nickel bodies and
the hot-pressed lron bodies were sintered at temperatures gbove the )
melting point of the respective metals (melting point of-nickel 26519 F,
iron 2802° F) and the cold-pressed iron bodies were sintered within
100° ¥ of the melting point of pure iron, the sintering undoubtedly
occurred in the presence of a liquld phase.

Wymen and Kelley (reference 5) and.Meerson (reference 6) have
established that tungsten carbide graln growth occurs im tungsten N
carblde - cobalt bodies when sintered in the presence of-a liquid phase.
These investigators found that a portion of the tungsten carblde was
dissolved by the cobalt and subsequently deposited on the remsining
undissolved tungsten carbide during cooling.

The "core," which is of irregular shape and not—in conformance wilth
the final grain outline, mey have been undlssolved titanium carbide upon
which precipitation of titanium carbide from the liquid phase may have
occurred. Further agreement-that these "cores" may be undissolved
carbide particles was found 1n the measurement of the slze of-the core.
In the cold-pressed and hot-pressed bodies'these megsurements show the
core to be of a slze comparable to the larger carblde powder particle
sizes that were reported to have been used by the fabricators. This
coring phenomenon ils much more apparent 1n the visual microexamination

thaen in the photomicrographs and is slso more apparent 1ln the hot=pressed

bodies.

Oxidation

The oxidstion 'of titanium carbide ard titanium carblde base ceramals

containing nickel and iron was observed to follow the general growth law
wl = kt, proposed by Lustman and Mehl (references 7 and 8), where

W welght gain, mg/cm?
n reaction index
k reaction constant
t time in hours
By plottling welght gain as a function of time on a log-~log scale
(figs. 6 to 8), stralght lines were obtained for the oxidation time

periode investigated. The best 1llnes were determined by epplication of
the method of least squares for curve fitting to the experimental data
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(reference 9), and the reaction index n and the reactlion constant k
were calculated. These values for n and k are presented in table TIT.
Changes in the reaction Index n are indicative of changes in the
mechanism of oxldetion. For a particular material and temperature, &
change to a greater value of n (n approaching the parabolic value of 2)
would be beneficial to the oxidation resistance of the material because
it indicates that diffusion across a barrler film is becoming the con-
trolling mechaniem, as compared to the linear growth mechanism (n = 1)
where the interface reaction is the controlling factor, that is, where
oxide growth is independent of the thickness «of the reaction product.
For convenience in the comparison with parabollc growth, dashed llnes of
slope 1/2 (n = 2) representing the parabolic growth rate have been
included in the figures. .

Unalloyed titanium carbide (fig. &) showed single reaction indices
at both 1800° and at 2000° F, although the actual indices differed. The
reaction index value n at 1800° F was 1.70 for times up to 50 hours;
an increase in temperature to 2000° F caused the oxidation to become
more nearly linear with a reaction index value n "of 1.32 for times up
to 75 hours. At these times testing was discontinued because of crack-
ing of the oxide coating. At 2200° F, however, the oxidation was found
to be a two-stage process wherein oxidatlion proceeded with & reaction
index value n of 1l.46 for the first 25 hours and then began to follow
approximately the parabolic growth law for times up to 100 hours. During
this second stage of oxidation, the reaction index was 2.13. The factors
causing the change in the oxldation mechaniem sre unknown at thlis time.

The oxidation of unaslloyed titenium carbide has been previously
investigated at temperatures of 800°, 90Q°, and 1000O ¢ (1472°, 16529,
and 1832° F) by Cockett and Watt (reference 10). Their data do not
agree with the data of this investigetion. The discrepancy probably
is due to the differences in the methods used.

Nickel additions to titanium carbide (fig. 7) produced two stages
of oxidation at each of the three temperatures, 1800°, 2000°, and 2200° F.
The effect of nickel =additions on the reaction index of titanium carbide
during the first stage of oxildstion at 1800° and 2000° F was to decrease
the index and thereby to cause the growth rate to become more nearly
linear, whereas at 2200° F the reaction index was increased and thus
caused the growth rate to more nearly approasch parsbolic. The growth
rate for the second stage of oxidation at these three temperatures was
found to be approximately parabolic. A comparison of the time requlred
to initiate the second stage of oxidation cannot be made at 1800° and
2000° F for the nickel ceramals and unalloyed titanium carbide; at
2200° F the nickel additions did not appear to have any effect, as the
time was about the same as for unalloyed titanium carbide, approximately
25 hours.



i

1
L

-~

8 _ : . S NACA RM ES1T10.

The addition of nickel to titanium carblde improved the character-
istics of the oxide f1lm at 1800° and 2000° E_by preventing the cracking
which was noted for unalloyed titanium carbide and by increasing the
aherence of the oxide coating.

The effect of iron addltions on the oxidation of titanium carbide
at 1800° F . was tU—decrease the reaction index (table III and fig. 8).
The iron ceramals at 1800° F did not exhibit a second stage of oxldation
for the lengths of time investigated (150 hours). The addition of iron
increased the oxide adherence -and prevented cracking of the scale at
1800° F. |

At 2000° and 2200° F the lron ceramals exhiblted two stages of
oxidation (fig. 8). In the first stage of oxidation the 11.8 weight -
percent at 2000° ¥ and all compositions at 2200° F oxidized essentially
linegrly wlth n values ranging from 0.90 to 1.04, suggesting thet the
mechanism was controlled by essentially an interface reaction process.

A slight lncrease in the reaction index (nl occurred at the second stage
of oxidation at 2000° F; however, the oxide film began to crack at the
long exposure times and a deviation toward more rapid oxidation could be
expected (fig. 9). In the second stage of .oxidation at 2200° F all of —_
the iron compositions followed approximately the parabollc growth rate,
but at 50 hours the oxlde films had cracked so badly that further testing
was discontinued.

The oxidation propertles of a 20-weight-percent—cobalt ceramal have
been investigated at 1800° F by Redmond and Smith (reference 11). Thelr
data cannot be directly compared with the nickel .and iron ceramsals of
this investigation as they measured the increase in thickness per face;
therefore, the 20-weight-percent cobalt ceramal was included in the

present study to provide & basis of comparison to determine if nickel or.

iron could be substlituted for the more strategic cobalt.

The 20-weight-percent cobalt ceramsl behsved, in general, in the
seme manner as the nickel ceramsls (fig. 10). Two stages of oxidation
occurred at all temperstures for time periocds to 150 hours.

The effect of iron, nickel, arnd cobalt—on the oxidation reslstance
of titanium carbide is shown in figure .11 where the 5C- hour weight gsin
is plotted against the metal content. At-1800° and 2000° ¥ the metal
additions did not lmprove the oxidetion resistance of titanium carbide.
At 2200° F the bodies with nickel additions of 13.3 and 18.2 weight
percent shcwed.less_yeigh$_gain_tnan pure titanium carbide, and higher
metal sdditlions were sbout equivalent. In general metal additions to
titanium.carbide showed e. tendency to produce oxidetion products “that
were more tightly adhering and more crack-free (fig. 9).

It would appear that 1in future investigations, when the effect-of -
a metal addition to the pure carblde 1s considered, more accurate

8622 !
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comparisons might be made on the basls of measurement of depth of oxide
penetration rather than welght gain to eliminate the effect of relative
welghts of oxidetion products.

A comparison of the substltution of nickel and iron for cobalt on
the basis of the 50-hour weight gein indicates that at 1800° F nickel
and iron are about equivalent to cobalt. At 2000° and 2200° F the nickel
i1s equivalent to the cobalt and both are better than iron.

A comparison of these ceramal materigls with other more common heat-
resisting materials is interesting. Figure 12 1s & bar graph of the
50-hour weight gein for five steels tested at 2010° F (reference 12),
titanium carbide, and the best ceramsl compositions tested at 2000° F in
this study. Although the titanium carbide and the ceramsls have better
oxldaetion resistance than a 12-chrome steel, they have poorer resistance
than the other steels. Redmond and Smith (reference 11), found.that
addition of a tantalum-columbium-titanium carblde solld solution to
titanium carbide base ceramals increased the oxidation resistance tenfold.
Based on this tenfold reduction, the solid portion of the bar for the
cobalt body indicates the expected welght geln for this cersmal if it
contalned the columbium-tantalum-tltanium carbide solid solution dlscussed
i1n reference 11. If the oxldation reslstance of the other ceramsls could
be equally improved by such an addition, thelr new oxldation reslstance
would be somewhat greater than that of 17-chrome and 25-12 steels, but
would still be lower than that of a 27-chrome steel.

Modulus of Rupture

The trend of the ceramals strength-temperature relstion is shown ,lfilé= C;
by the results of testing one specimen of each composition at each <
temperature (fig. 13). Both nickel and iron ceramals exhibited a rapid
decrease in strength witp in reasiqg temperature. (Ihe 1dw str ngths
obsetved gt 2200° ahd 2400° § ade of doubtful acéﬁraéy.j The general
trend for nickel and iron ceramals was that of decréasing strength with
increasing metal content. .Anomalies exist for the hot-pressed nlckel
bodies tested at 1800° F and the hot-pressed iron bodies tested at 2000° F.

It is believed that these values are not representative since they do not
follow the established trends.

A comparison of the bodies produced by the two fabrlcation methods
employed indlicated that the conditions used in the cold-press method for
nickel additions produced the better cersmals faor use at 1800° to 2200° F;
however, at 2400° ¥ the strengths of the bodies are too low to permit a
comparison. It 1s probable that further development of the fabrlcation
techniques will result in improved body strengths.
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In order to determine the practicabllity of substituting the less
strateglc metals, nickel or lron, for cobalt in titanium carbide base
ceramals, thelr elevated-temperature strengths must be compared. In
figure 14, the observed strengths of the best-nickel and iron bodies
have been plotied against the best values reported by reference 2 for the
20-welght-percent cobalt body. If the single test values for the nickel
and iron bodies can be consldered as representative values, nickel and
iron cannot be considered as & replacement for cobalt:-

Tenslle Strength

Ultimate-tenslle-~strength values at test temperature of 2000° ¥ for
hot-pressed titanium cerbide and for cold-pressed titenium carbide base
ceramals contalning nickel and iron additions are presented in table IV.
The values obtalned for hot-pressed unalloyed titanium carbide are
believed to be low since a flaw was observed in the fracture surface of
each of the bodiles tested. These internsl flaws were not observed in
the radiogrephic dnspection.

The data in teble IV are plétted. in Figure 15. An addition of
approximately 13.3 weight percent nickel (7.9 volume percdent), which
was the minimum nickel content 1nvestigated, ylelded the highest strength
of. all composition studied, but . lncreasing nickel content above 13.3
welght percent decreased the strength linearly. Iron additions were
found to be detrimental to the strength properties in all cases; the
strength decreased with lncreasing metal content and was less thanh the
strength of the nickel bodies. - -

A considerable difference was noted in the menner in which nickel
and iron titanium carbilde bodiles failled during testing. All of the
nickel compositions and the 11.8 weightpercent (7.8 volume percent)
iron composition falled upon reaching the ultimate strength value;
however, the 20.2- and 29.2-weight-percent (13.7 and 20.5 volume percetit)
iron compositions began to elongate when the ultimate strength was
reached and broke at a lower load. This divergence from the character-
istics of a brittle materiasl was not as apparent in the 20.2-weight-
percent bodies as in the 29.2-welght-percent bodies. Apparent small
reductions in area, 0.4 to C.8 bérdent, were noted for the 29.2-weight-
percent bodies and examipation of the specimens showed that many cracks
had occurred in the test section prior to rupture (fig. 16). These
cracks were not confined to the surface material but extended into the
body. These phenomena Indicate that & smaell smount of plasticity must
heve existed in some component of the 29. 2-weight-percent iron bodies
during the last stage of the tests -

The path of fracture in unalloyed hot-pressed titanium carbide’
tested in tension at 2000° F was found to be both tranegranular and’
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intergranular. Flgure 17 shows an internal crack adjacent to.the
fracture in which the fracture path is spproximstely 60 percent trans-
granular. A certaln amount of lntergranular failure would be expected
in this materiasl because of the presence of graphlte and volds in the
grain boundaries; the graphite and voids decrease the effective stress-
resisting area of the boundary

(Examinat on o% the ath of fracture in tiﬁéuium car% e ce‘::-':g 18
containing nickel and on showed gght fi all methl addif¥lions iaggéti—
gated the fg@cﬁﬁre whs abéut percent transgfanular and 58 pér—
cent intergranular. Figures 18 and 19 show internal cracks adjacent to
thé fracture surface in 13.3- and 18.2-welght-percent nickel bodies,
and in 20.2- and 29.2-welght-percent iron bodies, respectively. It can
be seen that increasing metal content in the range investigated does not
alter the fracture path. From this study, it appears that the following
factors influence the fracture path: completeness of the carbide net-

work; the "coring" effect in the carbides; and the number and distribution

of voids and impurities. The function of the metal is not spparent butb
would be expected to influence intergranular failure whenever the metal
phase is the wesker component in the body.

Thermsal Shock

The results of the thermsl-shock evaluation are presented in table V
and figure 20. The addition of either nickel or iron to tilitanium carbide

improved the thermal-shock resistance. Pure titanium carbide falled at
a tempersture of 1800° F after & maximum of 9 gquenching cycles, whereas
the bodies containing metal did not fall until 2400° F was reached and a

minimum of 85% cumulative quenchlng cycles had been completed. Of the

two additlon metale, nickel gave betier shock resistance. Bodles con-
taining from 13.3 to '22.7 welght percent of nickel (7.9 to 14.1 volume .
percent) did not fail under the most severe testing conditions used,

whereas bodles containing iron failed at 2400° F after a cumulative total

of 85 to 97 cycles when quenched with 50 pounds of alr per minute. The
20.2-weight-percent (13.7 volume percent) iron bodies appeared to be
slightly more resilstant than the other iron compositions.

The 28.3-weight-percent (18.0 volume percent) nickel bodies were ,—-— 7

found to contain a flne network of internsl cracks upon radiographic
inspection following completion of testing at 2400° F with a So—pound-
per-minu e ajr quench. {(Fi e 2& shdws tHe fihe netwbrk df cracks ih
the bodies aB shom radiogr hically) Metallographic examination of
these bodies revealed that they had been so badly shattered during the
test that the fracture path could not be traced. ’

The path of fracture after shock tests, in titanlum carblde base
ceramals containing iron, was found to be approximetely 50 percent

<
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transgranular and S0 percent intergranular. No significant trend with
increasing metsl content in the path of fracture in these bodies was
noted. Similarity in the fracture paths in bodies tested in tension
and in thermal shock would be expected, since Norton (reference 13) has
shown that failure in disks and in spheres on sudden coollng l1s caused
by tension.

SUMMARY OF RESULTS

The followlng results were obtained from a determination of the
elevated-temperature properties and characteristlics of titanium carblde
base ceramals containing nickel or ilron.

1. TIn oxldation tests, unalloyed titanium carblde and the nilckel
and iron ceramsls were found to follow genersl oxide growth laws. These
materials exhibited two stages of oxidation, the last stage approximating
the parabolic growth lsw. 1In.general, nickel ceramals were found to
exhlibit better oxidation properties than the iron ceramals and addition
of either nickel or iron to titanium carbide decreased the oxidation
reslstance; however, both ceramals at 1800° F and nickel ceramals at
2000° F incressed the oxide adherence and crack resistance.

2. At a temperature of 2000° F the 13.3-weight-percent nickel
ceramal had an average tensile. strength of 16,150 pounds per square inch,
whereag the 1l.8-welght=percent iron ceramal had an average tensile
strength of 12,500 pounds per &fuare inch. Further nickel or iron
additions to titenium carblide decreassed the tensile strength. The high-
est value obtained for unalloyed titenium carbide was 16,450 pounds per
square-inch.

3. (eramals contalnling 13.3 to 22.7 weight percent nickel survived
100 cycles of thermal-shock testing; however, the iron ceramsals failed
in 85 to 97 cycles. The 20.2-welght-percent iron ceramal was found to
be slightly better than the other 1ron compositions. The addition of
elther metal to titanium carbide greatly increased the thermal shock
resistance.

4. Microscoplc study of ceramal tensile and thermal-shock fractures
revealed that the path of fracture progresses approximately 50 percent
intergranulariy snd 50 percent transgranulerly.

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio.
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TABLE T - CHENICAL COMPOSITION OF TITANIUM CARBIDE BASE CERAMALS

Metal addition

Chemical analysia

Speolmen| Nominal Caloulatad average [Titanium | Nickel Total |Combined Iron Tungsten Method
muber | (weight (welght | (volume | Kickel and (percent) ((pereent) | carbon carbon | (percent) |(percent) of
percent } percent )| psrcent) ( imon kparoent)- {percent) fabrication
vélums . i
percent) _Im
Nicksl addltion
304 15 13.354 7,91 9,99 63.28 13.58 16.00 14,87 2.38 3.70 Cold press
305 ’ 83.31 13.256 18.17 14.82 2.356 3.66 Do.
306 63.11 1%.20 16,41 15.22 2,13 3.60 Do,
307 15 13.82 8,01 9.25 65,03 13.22 15.71 13.54 1.70 None Hot press
309 65.15 13.82 15.69 13.68 2.00 do, Do,
3P4 20 18.18 11,06 12.91 58,19 17.71 15.03 13.97 3.06 3.98 Cold press
3Pb . 58.19 18.66 14.08 13.02 2,30 5.64 Do,
3P7 20 18.76 11.38 12.32 61.50 18,75 14.74 13.00 1.43 None Hot press
3P10 62.24 » 18,79 15.056 13.286 1.30 do. Do.
3Q4 25 22,70 14.08 15.46 56,96 22.70 15.96 13,06 1.85 2.32 Cold press
3Q6 56.54 22,69 14,08 13.20 2.06 2.24 .
Q7 25 20.14 12,32 13.52 59,62 20.56 14.39 12.69 £2.03 None Hot presa
3Q10 6l.11 19.72 14.89 12.60 1.45 do. '
S5R4 30 28.29 18.04 19,27 53.50 27.57 13,93 15.06 1.52 0.75 Cold preaa
SRE 52,43 25,01 13.67 12,78 1.90 0.68 Do.
3R7 30 25.74 18,19 17.29 55.48 25.92 13.79 11.85 1,70 None Hot press
ZR9S 58.44 25,58 13.80 11.58 1.40 do, Do,
Iron addition
385 10 11,84 7.75 a 64,74 iag 18.21 15,34 ° 11.45 5.54 Cold prese
336 a 64.16 a 15.93 15.04 12.22 5.37 Do.
387 10 10,97 7.16 {a 68.11 {a} 16.74 14,34 12.05 None Hot press
339 . a 68.30 a 17,36 | 14.86 8.90 do. .
374 20 20.17 13.68 a 59.62 a 15,13 14.15 20,00 T 4,33 Cold press
315 a 59.44 a 15.13 14,17 20,22 4.435 .
276 8 59.83 a 15,12 14.17 20.30 4,02 Do,
3T7 20 20.156 15.84 [a 59,87 a 14,68 13.51 21.80 " None Hot press
3T8 -1 635.13 2] 14,90 13,568 14.60 do. Do,
3us 30 29,18 20.51 B.} b2.92 B 13.68 12.40 30,15 2,01 Cold prees
306 a 54.57 ;] 13.55 11.80 28,20 5.95 Do,
307 30 21.74 14.81 a 56.01 -1 14.46 12.82 23.00 None Hot prees
3010 & 81.07 a 14.59 12.78 20.48 do. Do.

BNickel not analyzed.

OTTITSE W VOVN
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TABLE II. - DENSITY OF TITANIUM CARBIDE BASE CERAMALS

Density
Specimen| Average [Calculated|Measured Method
metal | (gram/ml) [(gram/ml) of
addition fabrication
(welght . .
percent
Nickel addltion
304 13.3 5.34 5.33 Cold press
305 5.33 Do,
306 5.33 Do.
3011 5.37 Do,
3013 5.37 Do,
207 13.5 5.19 5.15 Hot press
308 5.22 Do,
3P4 18.2 5.59 5.51 Cold press
3P5 5.49 Do.
3P6 5.51 Do.
3P12 5.49 Do.
3P13 5.49 Do.
3P7 18.8 5.31 5.286 Hot press
3P8 ’ 5,20 Do.
3Q4 22.7 5.62 5.59 Cold press
3Q5 Do.
3Q6 DoO.
3Q7 20.1 5.35 5.42 Hot press
3Q8 5.43 Do.
3R4 - 28.3 5.74 5.68 Cold press
3R5 Do.
3R7 25,7 5.47 5.48 "|Hot press
3R8 5.54 Do.
Iron addition .
354 11.8 | 5.35 5.34 |Cold press
385 5.33 Do.
336 5.34 Do,
3312 5.33 Do.
3514 5.32 Do.
387 11.0 4.99 4.66 Hot press
339 4,71 Do.
3T4 20.2 S5.41 5.53 Cold press
3TS 5.53 Do.
3T6 5.52 Do.
3T8 20.2 5.34 4.86 Hot press
3T10 4.81 Do.
304 29.2 S5.47 5.65 Cold press
3U5 5.62° Do,
3Us 5.71 Do,
3Ul3 5.84 Do.
3Ul4 5.91 Do.
3U7 21.7 5.43 5.04 Hot press
3U9 5.07 Do.

aComputations based on assumption of mechanical mlxture
of constituents and on average chemlcal analysis.

' 6622
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TABLE III - OXIDATION VALUES FOR GENERAL EQUATION w" = kt FOR

TITANIUM CARBIDE BASE CERAMALS

@irst line of entries under each metal additlon is first stage of oxidation;

second line 1s second stage.j

Metal Reactlon|Reaction| Reaction| Reaction| Reaction |[Reaction|Indicated times
additlon{ index constanti Iindex constant| index conatant| for change in
(weight n k n k n I oxidatlon rate
percent ) Test temperature ©F {nr)

1800 2000 2200 Test t?gpirature
. . ¥
1800 [2000] 2200
Unalloyed titanium carbide _
o] 1.70 3.53 1.32 3.36 1.46 27.79 |None jNone
2,13 574.38 25
Nickel
13.3 1.41 2.42 . 1.29 5.58 1.65 45.27
1.84 12.54 1.90 52.94 2.04 242.78 75 20 22
18.2 l.42 3.08 1l.22 5.46 1.81 95.24
1.88. 18.84 1.80 36.42 2.00 242,78 75 11 25
22.7 1.46 3.90 1.17 4.90 1.88 168.55
1.93 22.08 2.10 181.92 2.15 6§70.24 50 20 21
28.3 1.59 5.76 1.18 4,60 1.918 | 214.68%
1.88 16.70 2.01 108.12 2.358 [1882.92 50 19 25,
1.95 252,30 ob
Iron
11.8 1.20 1.12. 0.97 2.55 . 0.94 7.64 |None
1.85 27.76 2.00 1195.3 12 12
20.2 1.48 3.78 1.18 5.07 0.90 8.86 |[None
1.74 37.81 1.97 824 .4 14 6
29.2 1.57 6,02 1.45 13.82 1.04 15.97 |None
1.75 41.72 1.99 1186.4 18 7
Cobalt .
20 1.22 1.50 1.50 10.69 1.48 37.78
1.83 13.23 1.80 39.15 2.44 2367.4 56 25 15

8values for Intersecting lines.
Values for straight line.
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TABLE IV - TENSILE STRENGTH OF TITANIUM CARBIDE

BASE CERAMALS CONTAINING NICKEL AND TRON AT

2000° F AND LOADING RATE OF 2000 POUNDS

PER SQUARE INCH PER MINUTE

Average metal Ultimate tenalle
addition strength
Specimen| (Welght |(Volume (1b/sq 1n.)
number |percent) [percent) (a)
Observed |Average
Titanium carbide
3A4 0 0 14,400P | 15,400
6 0 0 16,450P
Nlickel addition
304 13.3 7.9 13,750
5 17,100 | 16,150
6 17,600
3P4 18.2 11.1 15,250
5 14,800 14,850
6 14,500
3Q4 22.7 14.1 19,800¢ a
5 13,600 13,100
6 12,500
3R4 28.3 18.0 11,200
5 10,900 11,850
6 12,800
Iron additlion
334 11.8 7.8 12,350
S 12,750 12,500
6 12,350
3T4 20.2 13.7 8,600
5 8,200 8,250
6 7,900
3U4 29.2 20.5 5,700
5 5,800 5,750
6 5,700

8Values rounded to nearest 50 1b/sq in.

bplaw at

break.

°Loading rate, 4000 1b/sq in./min,
dAverage of values for 3Q5 and 3Q6

6622
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TABLE V - THERMAL-SHOCK EVALUATION OF TITANIUM CARBIDE BASE

CERAMALS AND HOT-PRESSED TITANIUM CARBIDE

Specimen Average metal Number of cycles completed Total Radiogrephic
number additlion 50 1b air/min 160 1b alr/min number inspection
Welght Volume |quenched from guenched from °’£ results
(percent)| (percent) 1500]2000] 2200] 2400 2400° 7 |YeeR
Titanium carbide
3A13 (o] o] 2 ez None
3Al4 9. 9 Do.
1 1
3415 = 5 Do.
3A18 4 4 Do.
3A17 1 1 Do.
3A18 2 2 Do.
Nickel additlon
302 13.3 . 7.9 25 25 25 25 25 125 Satlsfactory
303 100. .
3Pl 18.2 11.1 25 25 25 25 25 125 Satisfactory
3P2 100 Do.
3P3 100 Do.
3Q1 22.7 14,1 25 25 ] 25 25 as 125 Satlisfactory
3Q2 100 Do.
393 100 Do.
3R1 28.3 18.0 25 25 25 25 100 Viglble creck plus
. fine cracks
3R2 100 Network of
fine cracks
3R3 100 Network of
fine cracks
Iron sddition
382 il.8 7.8 25 25 25 i8 a3 Radlal crack plus
fine cracks
333 17 92 Radlal craclkt plus
fine crack
3T1 20.2 13.7 25 25 25 22 a7 Three radlal
cracks
3T2 18 83 Radlal crack
3T3 18 Radlal crack
3U1 29.2 20.5 25 | 25 | 25 10% 85-]-'2- None .
3u2 15 80 Radlal crack
1 1
3U3 175 925 None

RAGA
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Figure 1. . Thermel-shock-specimen holder.
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(e) 28.3 welght percent nickel, unetched

Figure 2. - Cold-pressed titanium carbide bese ceramals wlth nickel in as-recelved
condition. Etched with Murskemi's reagent. X600.
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(a) 13.5 weight percent nickel (8.0 volume

* (b) 18.8 weight percent nieckel (1l.4¢ volume
percent) ) percent)

(c) 20.1 weight percent nickel (12.3 volume
percent)

" (&) 25.7 weight percent nickel (16.2 volume
o percent) )

c-2838

Figure 3. - Hot-pressed titanium carblde base ceramels with nickel in es-received
condition. Etched with Murskami's reagent. X600.
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percent iron (13.7 volume

.percent)
C-28382

(a) 11.8 weight percent iron (7.8 volume (b) 20.2 weight
percent) ;

(c) 29.2 weight percent '.;.ron (20.5 volume (d) 29.2 weiglit percent ircom, unetched
percent

Figure 4. - Cold-pressed titenium carbilde base ceramals with iron in as-received
condition. Etched with Murakeml's reagent. X600.
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(e) 21.7 weight percent iron {14.8 volume
percent)

Figure 5. - Hot-pressed titanium carbide base ceramals with iron in as-received
condition. Etched with Murekemi's reagent. X600,
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Figure 7. - Oxidation of titanium.carbide baﬁe-cerémﬁls ééntaining
nickel. (Dashed curve indicates parabollc growth.)

e62e



2299

RACA RM ES51T10

27

300
200 -
=l iP
oy -~
v yn/
100 — >
L~
80 y d "/r,
60 ~ 1 L o
/ :j \ o~
g 40 /4/ :ﬂ 1/‘ 3
" ”~
o 30 ] / A
n
S Py
=] / /
20 v
o
w0 y
L4
g 10 = jZ P
2
"E‘; 8 v Pra
= - 6
P i Test
[o 3P
" f > A temperature
3 o 1800
m] 2000
v 2200
2
|
1 2 3 4 6 8 10 20 30 40 6C 80 100 200 300
Time, hr ' ’
(b) 18.2 welght percent nickel. _
Figure 7. - Continued. Oxidatlon of titanium carbide base ceramals con-

taining nlckel.

(Dashed curve indlicates parabolic growth.)



a8 NACA RM ES51I10

300

200 ’ﬁv/‘fdféffi
at 1'%

80 : 3 ~ -
80 | ; O
. 1 ’ﬂd
1= 40 P LN
o B .
o d e P
@ 30
. q '
20 ,'/
- Vg
o
& 1] /x
%% 10 = —
o 8 d Dz
= 6 i o
/ o// Test
df/’ /// tempgrature.
4 (°F)
o 1800
7 o 2000
v 2200
2
- _
1 2 3 4 6 8 10 20 30 40 60 80 100 200 300
Time, hr. .

(¢) 22.7 weight percent nickel.

Figure 7. - Ccntinued, Oxldatlon of titanium carbilde base ceramals con-
taining nickel. ({Dashed curve indicates parabolic growth.)

cann



2299

NACA RM ES1TI10 29

300 — - -
. |~
200
-~ -~
] _ A7 A~
100 ' - \W;/ {C"G/
60 - P A~ T P~
o e
E 40 = _ \ 2
o . e ~ i -~
-0
% = -
20 o~ V]
-~ , 4
g7 d
w0 ]/I
» ) //43
) 10 —
o 8 eh
a, / L=~ ‘/
= P
6 i Test
temperature
un] :
4 (°F)
o 1800
=i 2000
v 2200
2
' I
1 ' 2. 3 4 6 810 20 '30 40 60 80 100 200 9]
Time, hr
| (a) 28.3 weight percent nickel.
Figure 7. - Concluded. Oxidation of titanium carbide base ceramals con-

taining nickel. (Dashed curve indiecates parabolic growth.)



30 NACA RM ES51I10
400 -
[
L~
300 —-]
200 ,//v/
] ”~
/)7/ r’Ek;f;/r’
L0
100 2 ]
80 AT Z '/’
= 60 //‘ Pois
© L
"3 40 o pla
> % _EV
5] 30 //
-5 20 2 pd
o [~
& /!
% Y s
&) I/; ////
- y,
g 10 —~ —
8¢— e
X
/S // : Test
i'd W tem Srature
%)
/ // © 1800
5 — O 2000
g o v 2200
2
SLNACA -~
1 2 3 4 6. 8 10 20 30 40 80 80 100 200 300
Time, hr
(a) 11.8 weight percent iron.
- ,——-/-‘
Figure 8. - Oxidatlon of tiltanlum carblide base ceramals confaining iron,

(Dashed curve indicates parabolic growth.)

ARZZ 11



2299

NACA RM ESLILO

31
400
300 —
L~
200
L] P
d r)r}yﬁ’—
100 . ;‘Z/ -
80 E /}J’/ ,’
./}*E Pl
£ % A ;E'/ - b >
° 40 ’ .// 122
vl
% 20 / X )
! 4 pLif 1
> 20 / 1 13/
5 L~ /
& :/l/
g 10] A
'E; 10 /)_" <
= 2
6 -~ Test
//, L temperature
o/
4
o) 1800 -
3 a 2000
v 2200
2
S NACA
1
1 2. .3 4 6 8 10 T 20 30 40 60 80 100 200 300
Time, hr '
{p) 20.2 weight percent iron.
Filgure 8. - Contlnued. Oxidation of titanlium carblde base ceramals con-

taining iron. (Dashed curve indicates parabolic growth.)



32 NACA RM E51I10
400 r
'
300 ’,éf'
200 -
/ ///
, ‘Lfiidj'
100 - | —
80 PR =
6
0 ] ¥a
3 40 / x /’ -
v
o
I e -
. 1
= / | // ) /
- 20 g
gb / / J/‘ x/
L/
NL <
—& 10 AH P o
i -
8 Test
L)
= <~ //’, tem%erature
. o
1800
4 o 2000
A 2200
3
2
~LNACA
[
1 2 3 4 6 8 10 20 30 40 60 80 100 200 300
Time, hr
(c) 29.2 weight percent iron.
Figure 8} - Concluded. Oxidation of titanium carblde base ceramals

containing iron. (Dashed curvée indlcates parabaoliec growth.)

k

6622



2298

Surface

Trenaverse Bectlon

C-25631
»
Titanium 20 13.3 18.2 22.7 28.5 11.8 20.2 29.2 welght percent
Carbide Cobelt Nickel Hickel Nickel Bickel Iron Iron Iron

{(a) Oxidation temperature, 2000° F; oxidation times: titanium carblde, 75 howrs; rest of speecimens, 150 hours. Outer
. oxide phell on titenium.carbide broke away on sectioning and is not ahown.

Figure 8. - Oxldation of Litaniim carbide bage ceramsla after 150 hours in etill air. X2.
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Figure 8. - Copeluded, Oxidation of titanium cerbide base cermmals after 150 hours in still air, X2,
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Figure 13. - Concluded. Effect of temperature upon modulus of rupture

of titanium carblde base ceramals.
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Figure 14. - Comparison of modulus of rupture of titanium carbide base ceramals.
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Figure 17. - Fracture path in hot-press 100-percent titanium cargbi\de body tested at 2000° F
in tenslon. Etched with Murekeml's reagent. X1500. .
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Figure 18. - Tnferfial cracks &t tensile fractures in titanium carbide base ceramals

containing nickel tested in tension at 2000° F.
X1000. o

Etched with Muraskami's reagent.
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